University of Windsor

Scholarship at UWindsor
Electronic Theses and Dissertations

Theses, Dissertations, and Major Papers

8-1-2021

BIM-Based Sustainability Rating System for Single-Family
Detached Homes
Zahra Mokhtari Salehabadi,
University of Windsor

Follow this and additional works at: https://scholar.uwindsor.ca/etd
Part of the Civil and Environmental Engineering Commons

Recommended Citation
Salehabadi,, Zahra Mokhtari, "BIM-Based Sustainability Rating System for Single-Family Detached Homes"
(2021). Electronic Theses and Dissertations. 8680.
https://scholar.uwindsor.ca/etd/8680

This online database contains the full-text of PhD dissertations and Masters’ theses of University of Windsor
students from 1954 forward. These documents are made available for personal study and research purposes only,
in accordance with the Canadian Copyright Act and the Creative Commons license—CC BY-NC-ND (Attribution,
Non-Commercial, No Derivative Works). Under this license, works must always be attributed to the copyright holder
(original author), cannot be used for any commercial purposes, and may not be altered. Any other use would
require the permission of the copyright holder. Students may inquire about withdrawing their dissertation and/or
thesis from this database. For additional inquiries, please contact the repository administrator via email
(scholarship@uwindsor.ca) or by telephone at 519-253-3000ext. 3208.

BIM-Based Sustainability Rating System for Single-Family Detached Homes

By

Zahra Mokhtari Salehabadi

A Thesis
Submitted to the Faculty of Graduate Studies
through the Department of Civil and Environmental Engineering
in Partial Fulfillment of the Requirements for
the Degree of Master of Applied Science
at the University of Windsor

Windsor, Ontario, Canada

2021

© 2021 Zahra Mokhtari Salehabadi

BIM-Based Sustainability Rating System for Single-Family Detached Homes
by

Zahra Mokhtari Salehabadi

APPROVED BY:

______________________________________________
Sh. Alirezaee
Department of Electrical and Computer Engineering

______________________________________________
Y.H. Kim
Department of Civil and Environmental Engineering

______________________________________________
R. Ruparathna, Advisor
Department of Civil and Environmental Engineering

June 28, 2021

DECLARATION OF CO-AUTHORSHIP/PREVIOUS PUBLICATION
I.

Co-Authorship
I hereby declare that this thesis incorporates material produced as a result of

joint research as follows.
Chapters 2,3,4, and 5 of this thesis were completed under the supervision of Dr.
Rajeev Ruparathna. In all cases, the key ideas, primary contribution designs, data
analysis, interpretation, and writing were performed by the author, and the
contributions of the co-author were primarily in the form of feedback on the
refinement of ideas and editing the manuscript.
I am aware of the University of Windsor Senate Policy on Authorship, and
I certify that I have properly acknowledged the contributions of other researchers
to my thesis and have obtained written permission from each of the co-author(s) to
include the above material(s) in my thesis.
I certify that, with the above qualification, this thesis, and the research to
which it refers, is the product of my own work.
II.

Previous Publications

This thesis includes one original paper that has been previously submitted for
publication in peer-reviewed journal as follows:

iii

Thesis Chapter Publication title/full citation

Publication status*

Chapter [3-6]

Submitted

User-Centric Sustainability Assessment of
Single Family Detached Homes (SFDH): A
BIM-based Methodological Framework

I certify that I have obtained written permission from the copyright
owner(s) to include the above-published material(s) in my thesis. I certify that the
above material describes work completed during my registration as a graduate
student at the University of Windsor.
III.

General
I declare that to the best of my knowledge, my thesis does not infringe

upon anyone's copyright nor violate any proprietary rights and that any ideas,
techniques, quotations, or any other material from the work of other people
included in my thesis, published or otherwise, are fully acknowledged in
accordance with the standard referencing practices. Furthermore, to the extent that
I have included copyrighted material that surpasses the bounds of fair dealing
within the meaning of the Canada Copyright Act, I certify that I have obtained a
written permission from the copyright owner(s) to include such material(s) in my
thesis.
I declare that this is a true copy of my thesis, including any final revisions,
as approved by my thesis committee and the Graduate Studies office, and that this
thesis has not been submitted for a higher degree to any other University or
Institution.

iv

ABSTRACT
The contemporary social, environmental, and economic challenges and the
emerging debate about resiliency have called for a new definition for sustainable
buildings. The current green building rating systems are limited in their scope and
cannot provide a comprehensive assessment. Hence, an ideal rating system should
encompass the triple bottom line (TBL) of sustainability and resiliency with a life
cycle thinking perspective. Previous studies highlight a number of issues with
green buildings rating systems, such as focusing on point hunting, being
complicated, and being expensive in small-scale projects.
This research developed a BIM-based sustainability rating method for single-family
detached houses (SFDHs). Key performance indicators (KPIs) were used based on
an extensive literature review to determine the TBL and resiliency performance.
BIM and LCSA were integrated using visual programming. Comprehensive life
cycle impact databases were developed using life cycle sustainability assessment.
The sustainability performance of SFDHs was compared using the proposed
method. Emergy accounting was used to validate the results of the proposed method.
This research is expected to redefine sustainable buildings and extend the body of
knowledge on BIM-based LCSA. In addition, the integration of BIM-LCSA
provides a design evaluation platform to enhance the sustainability performance of
buildings.
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CHAPTER 1: INTRODUCTION
1.1.Background
The construction industry creates a major impact on the triple bottom line (TBL) of
sustainability [1]. Residential construction has the largest construction market in Canada
[2]. According to the statistics, the number of Single-Family Detached Homes (SFDH) is
projected to reach 7.8 million, 7.85 million, and 7.89 million in 2021, 2022, and 2023
respectively [3]. SFDHs consume 17.5 % of the electricity, 72.3 % of the natural gas, 6.8
% of the heating oil, and produce 15.8 % of the Green House Gas (GHG) emissions [4].
Due to its magnitude, it is necessary to enhance the sustainability performance of SFDH.
The demand for sustainable buildings has risen in recent years [5][6][7]. Green buildings
have a positive impact on the three pillars of sustainability (i.e., environmental, social, and
economic) [8]. Green buildings' benefits include minimizing GHG emissions, reducing
waste in the landfill, and decreasing water and energy consumption [9]. Moreover, a green
building minimizes the impact on human health by reducing toxic materials and improving
air quality and lighting [10]. Despite the numerous benefits of green buildings, defining a
building`s greenness remains a challenge [11].
The Architecture, Engineering, and Construction industry (AEC) industry uses rating
systems such as LEED, BREEM, GBC to define the greenness of buildings [12]. Most
green building rating systems focus on improving environmental performance (i.e., water
conservation, energy efficiency, and indoor air quality) [13], while ignoring the social and
economic performance. At the same time, these rating systems have some limitations, such
as being complicated and expensive when used in small-scale projects and neglecting old
buildings [14] [15].
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The new school of thought for sustainability in the construction sector emphasizes the
importance of resiliency in addition to the TBL of sustainability [16][17]. A
comprehensive evaluation of TBL and the resiliency of a building design requires an
extensive amount of data. BIM could be used to fulfill the above data requirement. BIM
has been making a paradigm shift in building design. BIM assists in various analyses
required for sustainable building design, such as lighting design, energy analysis, cost
assessment, solar design, and life cycle assessment [18]. Overall, BIM can be used to
store data and perform a wider array of analyses on a building. However, there has been a
lack of academic research on evaluating TBL or sustainability and resiliency through
BIM [19].
1.2. Problem Statement
Based on a comprehensive literature review, the following knowledge gaps were
identified pertaining to sustainability assessment of green buildings:
Building sustainability assessment frameworks have overlooked the resiliency and social
dimensions [20]: Green buildings could face an annual loss of more than $ 18 billion losses
due to the lack of focus on resiliency [21]. Hence, it is vital to combine sustainability
indicators with resiliency due to the high incidence of natural disasters affecting buildings
[22][23]. Moreover, green building rating systems focus more on preserving natural
resources for the future and reducing changes [24], while ignoring social factors such as
quality of life, human welfare, and social justice [25].
BIM's capabilities are yet to be used for the sustainability assessment of the built
environment [26]: Previous studies have been conducted on the efficiency of BIM on
construction projects [27]. However, there is little information about how BIM can be
2

used to comprehensively analyze the sustainability performance of buildings [28]. This is
due to several technological and non-technological challenges that the AEC industry
faces when integrating BIM with three dimensions of sustainability. The nontechnological barriers to BIM integration are training costs, software costs, high
maintenance costs, legal issues, resistance to change, and clients’ lack of understanding
about BIM [29]. The technological challenges are the lack of interoperability [30], the
lack of standards for BIM contract documents, the shortage of experts, and the lack of
general availability of building data due to accessibility and data security concerns[31].
In order to take full advantage of BIM, it is important to develop user-friendly tools that
address the above limitations [32].
Building-centric point hunting in current rating systems [33]: The current building
rating systems are point-based systems. Hence, poor performance can be compensated
through point hunting [34]. More importantly, all currently available building rating
systems have adopted a building-centric sustainability assessment. However, a usercentric sustainability evaluation could provide pragmatic assessment in the quest for
holistic sustainability.
Based on the gaps in knowledge noted above, the following specific research questions
emerged:
a) Is there a difference between certified buildings and non-certified buildings?
b) How can BIM be used for social life cycle assessment?
c) How can user-centric building sustainability evaluation be performed?
This research's main motivation spurred from the above-identified knowledge gaps.
SFDH should be evaluated based on TBL of sustainability and resiliency to ensure true
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sustainability performance. BIM has been gaining popularity in the recent past. BIMLCSA integration allows a comprehensive sustainability assessment of buildings to be
performed during the pre-construction stage. This allows the delivery of environmentally
sustainable, socially responsible, economically viable, and resilient residential buildings.
1.3. Research Objectives
The main objective of this research is to develop a BIM-based building rating method
for single-family detached homes (SFDH). This method integrates the TBL of
sustainability and resiliency to develop a user-centric rating method for SFDH. TBL
sustainability levels were defined based on the proposed method. This method is expected
to assist building designers and policymakers in standardizing and benchmarking the
sustainability performance of SFDH. The specific sub-objectives of this research are as
follows:
1- Developing a methodological framework for assessing the sustainability
performance of SFDH
2- Comparing the sustainability performance of a rated and a non-rated SFGH
3- Defining sustainability levels for SFDH by conducting case studies
4- Developing a design support tool by linking the proposed framework with BIM
5- Developing implementation guidelines for the proposed sustainability rating
method
1.4. Research Methodology
Figure 1-1 illustrates the four-stage research methodology adopted in this research.
Details of each stage will be explained in the following chapters.

4

1.4.1. Phase 1: Framework Development
The methodological framework for sustainability assessment was developed in Phase
1. First, environmental, social, economic, and resiliency KPIs were identified through a
comprehensive literature review to incorporate the key aspects of each category. The
environmental KPIs were developed based on The Building for Economic and
Environmental Sustainability (BEES). The economic KPIs were based on Life Cycle
Cost (LCC). The social KPIs were defined as per the United Nations guideline for SocialLCA of products, and the resiliency KPIs were identified from an extensive literature
review. Normalization factors for each KPI were identified from published literature. The
details of Phase 1 are discussed and explained in Chapter 3.
1.4.2. Phase 2: Databases Development
This stage aimed to create life cycle impact databases (LCID) to assist in the
sustainability assessment of SFDH. Here, residential construction materials (e.g.,
concrete, wood, cement, steel, brick, aluminum, and copper) were identified through a
literature review. The life cycle environmental impacts of construction materials were
collected from LCA software such as Athena. The social impact database was developed
based on the data available in the Social Hotspot Database (SHDB), and the resiliency of
different construction materials was defined based on literature. Green building cost data
was obtained from RSMeans Green Building Cost Data 2019. Life cycle impacts were
calculated according to ISO 14040/44 standards, and a cradle to grave system boundary
was used. Social, environmental, economic, and resiliency data were compiled as a
Microsoft Excel database. Details of this stage are explained in Chapter 4.
5

1.4.3. Phase 3: Link BIM with LCSA
The framework in Phase 1 was developed as a Python code. This method integrated
the LCID and BIM. The Python code extracts building data from the BIM model and
performs environmental, social, economic, and resiliency assessments based on LCID
data. The Python algorithm in Dynamo Revit and the KPIs from Phase 1 were used in
this method. After the calculation, environmental, social, economic, and resiliency data
are extracted from the BIM file to get a score for each category. The details of integrating
BIM-LCSA in the Python code are explained in Chapter 6.
1.4.4. Phase 4: Conducting Case Studies by Using the Framework
In order to compare the sustainability performance of certified SFDH and noncertified SFDH, two case studies were analyzed by using the proposed method. Findings
were validated by emergy value accounting. The details of this stage are discussed in
Chapter 5.

6

Figure 1-1:Research Methodology Overview
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CHAPTER 2: LITERATURE REVIEW
The building industry is an essential industry that makes a significant impact on nonrenewable resource consumption, waste production, energy consumption, and greenhouse
gas emissions [35]. There are currently 12.5 million residential buildings and 430,000
commercial buildings in Canada. These buildings consume 33% of the total energy and
50% of the natural resources while also accounting for 14 % of the water consumption.
Furthermore, they produce 30 % of the GHG emissions and 25 % of the total landfill waste
[36]. Therefore, buildings are a major contributor to environmental damage and global
warming [1]. Hence, enhancing the sustainability of the building industry is vital in
preserving the environment [37].
Residential buildings play a vital role in people's lives. The residential sector is the
third-largest energy consumer, accounting for about 27 % of the energy use producing 17
% of the CO2 emissions in the world [38]. Due to this, the AEC industry has an interest
in developing sustainable residential buildings [39]. In Canada, the percentage of SFDHs
was 56.4% in 2017 [40]. However, most residential green building rating systems (e.g.,
BuiltGreen, Net Zero Home, LEED, Green Star) do not provide a holistic sustainability
evaluation.
2.1 Green Buildings
The United States Green Building Council (USGBC) defines a green building as a
building that reduces negative impacts during a building's life cycle. The main aims of
green buildings are to protect the environment and to improve human health [41]. Green
buildings consider water and energy use, indoor air quality, smart materials, and the
building's effect on its site during all construction stages [42]. Green buildings can
8

support efficient and effective use of economic resources, security, sustainability, and
effective management of the whole building's life cycle [43]. Table 2-1 illustrates the
benefits of green building for the TBL of sustainability.
Table 2-1: Green Building benefits

Environmental Benefits

Economic Benefits

• Reduce fuel use
• Reduce water consumption
• Reduce waste
• Reduce raw material
consumption
• Reduce greenhouse gas
emissions

• Minimize operational cost
• Improve employee
productivity
• Raise building value

2.1.1

Social Benefits
• Improve air quality
• Improve thermal
comfort
• Boost quality of life
[44]

Green Rating Systems

The AEC industry uses rating systems such as LEED, BREEM, and Green Star as a
guide for construction [45]. In the following sections, green rating systems are explained
briefly.
2.1.1. LEED
The USGBC is a nonprofit organization that established LEED to improve life quality.
LEED considers five categories (Site Selection, Water, Energy, Materials and Resources,
Indoor Air Quality). The certification levels are Certified, Silver, Gold, and Platinum.
[46]. Although LEED standards have focused on LCA and environmental impacts, it has
its limitations in evaluating real sustainability due to being expensive to adapt for singlefamily homes (small-scale projects) [15].
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2.1.2. BREEAM
BREEAM (Building Research Establishment Environmental Assessment Method) is
globally used green rating system that measures the environmental performance of both
new and existing buildings. It offers credits in ten categories (management, health and
well-being, energy, transport, water, materials, land use and ecology, pollution, and
innovation) based on performance. BREEAM buildings are rated based on their score,
calculated by the sum of credits in each category multiplied by weights assigned for each
category. [47]. The sum is used to define a single overall score, to be rated on a scale
with the performance levels of “Pass”, “Good”, “Very Good”, “Excellent”, and
“Outstanding”.
2.1.3. Green Star
The Green Building Council of Australia developed the Green Star to measure
environmental impacts of buildings. Green Star assesses four different phases (Office
Design, Office as Built, Office Existing Building, and Office Interior). It considers nine
categories (Energy, Emissions, Transport, Materials, Water, Land Use and Ecology,
Indoor Environmental Quality, Management, and Innovation). It allocates a significant
amount of points to energy conservation and improved indoor air quality. The
certification levels are One Star, Two Star, Three Star, Four Star, Five Star, and Six Star
[48].
To reduce environmental costs, organizations and the AEC industry use rating system
tools to identify and mitigate environmental concerns. Table 2-2 illustrates the inclusion
of TBL of sustainability and resiliency in green rating systems. Based on previous
research, most current green rating systems consider environmental and economic aspects
10

of sustainability, and they overlook resiliency and social aspects. Therefore, they fail to
reach a holistic sustainability assessment.

11

Table 2-2: Green Building Rating Systems with Sustainability Dimensions

Social

Economic

LEED

✓

✓

BREEAM

✓

✓

Energy Star

✓

✓

BuiltGreen

✓

✓

EnerGuide

✓

Resiliency

Approach

Environmental

Green rating
systems

LEED rating system focus on location and transportation, sustainable site
development, water savings, energy efficiency, materials selection and indoor
environmental quality to achieve healthier environments, lower operating costs,
and a reduced impact on the environment [49].
This rating system focuses on energy, water, health and well-being, pollution,
transport, materials, waste, land use, and innovation and management processes
[50].
This rating system focuses on building homes that are 20% more energy efficient
[51].
Built Green Canada is a national certification program focusing on residential
buildings. This includes single-family homes and high-density buildings as well as
renovations. A built-communities program is in its pilot phase. In their
assessments, Built Green accounts for energy and envelope, materials and
methods, indoor air quality, ventilation, waste management, water conservation,
and building practices [51].
It focuses on the energy performance of homes in Canada [52]

12

Green
Globes
Green Star

✓

✓

✓

✓

Net Zero
Home
BREAM
Plus

✓
✓

✓

✓

This rating system reduces the time and cost of submissions and reduces the
buildings' environmental impacts [53].
This rating system aims to reduce climate change impacts, restore and protect
planets and drive resilient outcomes for building [54]
This rating system is used to improve energy performance levels [53].
This rating system focuses more than other rating systems on the social pillar,
which includes human feelings such as security, satisfaction, safety, and comfort,
and human contributions such as skills, health, knowledge, and motivation [55]
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2.2 Redefining sustainability
The main goal of sustainability assessment is an environmentally friendly, cost-effective,
and socio-culturally appropriate solution [56]. Life Cycle Sustainability Assessment
(LCSA) supports conducting a holistic TBL analysis. Life cycle sustainability assessment
encompasses E-LCA, LCC, and Social-LCA [57]. The E-LCA evaluates the
environmental impacts of a product throughout its life cycle [58]. LCC is the total cost of
a product during the whole life cycle [59]. S-LCA evaluates the social and economic
aspects of a product, and it considers both positive and negative impacts during the life
cycle [60]. The LCSA determines environmental, social, and economic impacts in
parallel to guide decision-makers towards a holistic solution [61] [62].
Enhancing resiliency is becoming essential in the construction industry due to the
increasing frequency and severity of adverse weather events [63][64]. Hence, the
construction industry faces a new challenge to construct sustainable buildings resistant to
droughts, flooding, and other natural disasters. For example, resiliency standards for
building in New York City require the ability to withstand hurricanes and flooding. In
San Francisco, seismic activity and fire risk are significant concerns [65]. Hence, the
traditional approach for sustainability should be redefined by incorporating resiliency into
the building evaluation [66].
2.3.Building Information Modeling (BIM)
BIM is a digital repository of the physical and functional characteristics of a facility
and is a shared knowledge resource to form a reliable basis for decision making during its
life cycle from the earliest conception to demolition [67]. BIM is a versatile platform that
can be used to share data throughout the building life cycle [68]. BIM provides an
14

integrated design tool to assess the whole life cycle building [69]. Moreover, BIM
facilitates integration, interoperability, and collaboration in the AEC industry [70].
Besides, it provides comprehensive data and a visualization of building performance [71].
Add-in applications developed for BIM can easily integrate with various life cycle data
from different tools [72].
2.3.1. BIM in Sustainability Assessment of Building
BIM assists green building design by providing a design platform that supports
lighting, energy, material, and cost analysis and aids in delivering optimal solutions for
sustainable design and construction [18][73]. BIM possesses the attributes such as high
speed, simplicity, precision, and visual analysis capacity, which helps in sustainability
assessments [74]–[76]. According to Wong and Zhou [77], combining BIM with building
sustainability assessment contributes to enhanced building performance. BIM facilitates
the evaluation of green buildings by saving time and improving data accuracy [41].
Table 2-3 shows the integration of BIM with sustainability dimensions. Based on Table
2-3, most research has focused on integrating BIM with the economic and environmental
pillars of sustainability. There is only limited research on the integration of BIM with the
social aspect of sustainability.
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Table 2-3:BIM with sustainability dimensions

Reference Environmental Social Economic

Approach

[41]

✓

[78]

✓

✓

Based on achieving efficient management to use buildings effectively and
minimizing environmental impacts and CO2 emissions

[79]

✓

✓

Based on the integration BIM with socio-technical dimensions to assess the
social and environmental impact

✓

Integration BIM with social impacts to provide a homogenous database for the
AEC industry

[80]
[81]

✓

[82]

✓

[83]

✓

✓

✓

[86]
[87]

✓

[88]

✓

✓

Based on the BIM to analyze economic and environmental data for reducing
operational costs and CO2 emissions

✓

Based on reducing the operational time with a comprehensive evaluation of
different criteria
Based on reuse, recycle, and disposal to eliminate environmental impacts

✓

[84]
[85]

Develop necessary standards to evaluate green building

Based on integrating social sustainability with BIM
Based on integrating BIM and LCA, leading to sustainable construction while
preserving the environment

✓

Based on the importance of social sustainability in residential and commercial
buildings

✓

Based on BIM utilization to assist in construction data management and design
of a building
Based on the use of BIM reduce energy consumption
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✓

[89]

Based on economic sustainability evaluation with the help of BIM in
residential buildings

[90]

✓

Based on a comprehensive framework with the use of BIM to boost carbon
sustainability in high rise buildings

[91]

✓

[92]

✓

Based on the evaluation of BIM software for calculating data for cost-effective
deciding
Based on optimizing sustainable buildings with BIM tools

[33]

✓

[93]

✓

✓

✓
✓
✓

[94]

Based on the integration of three dimensions of sustainability in buildings with
BIM
Based on BIM to analyze life cycle cost
Based on the assessment of economic performance and financial losses during
an earthquake with BIM

[95]

✓

[72]

✓

[96]

✓

✓

Based on providing integrated cooperation within the AEC industry

[97]

✓

✓

Based on the optimal material use to minimize human interference for reduced
cost and contaminations

[98]

✓

✓

Based on using BIM in green construction to optimize building energy use
according to technical and economic regulations

Based on identification advantages and obstacles of using BIM with the Green
Star rating system
✓

✓

Based on providing a framework for assessing life cycle sustainability in the
BIM database
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There are several limitations that hiders BIM-based sustainability assessment. First, the
lack of tools and interoperability is a challenge for BIM-LCSA integration [99][100].
Additionally, there are no standards that facilitate BIM-based LCSA and resiliency
evaluation. As an example, previous research has not investigated how to perform social
life cycle assessment by using BIM-data [101] [81].
2.4.

Multi-Criteria Decision-Making Methods (MCDM)

Building sustainability rating is a multi-criteria decision problem. MCDM techniques
evaluate multiple and divergent criteria based on experts' and stakeholders' judgments
[102]. MCDM has been used as a tool to solve energy, environmental, and sustainability
decision-making [103]. MCDM methods are helpful tools that can assist decision-makers
in making choices in discrete problems [104]. There are two main categories in multicriteria decision-making.
i.

In Multiple Attribute Decision Making (MADM) or discrete MCDM, decisionmakers choose, prioritize or rank between alternatives.

ii.

In Multiple Objective Decision Making (MODM) or continuous MCDM,
decision-makers try to find the most promising option.

Table 2-4 below shows the summary of MCDM methods.
Table 2-4:The MCDM methods description

MCDM methods

Description

AHP

• It utilizes pairwise comparison to due ranking based on the
importance of criteria [105]
• It compares alternatives with a pairwise approach.
• It is used for the organization and analysis of complex decisionmaking problems [106]
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ANP

SAW

SWM

TOPSIS

ELECTRE
VIKOR

• It was developed due to deficiencies of AHP [107]
• It is a version of AHP [106]
• It considers internal relations between elements.
• Elements in the same cluster are compared among themselves.
• It is confusing when applied on large scale problems [108]
• It is known as a weighted linear combination.
• It is a simple method based on the weighted average [109]
• It is the simplest MCDM method.
• It is used to determine the best alternative based on multiple
criteria.
• It provides similar results compared to other complex methods
[110]
• It is an understandable and a rational method.
• The computational process is easy.
• It provides the best alternative for each criterion.
• The selected alternative should have the shortest distance from
the ideal solution and the furthest distance from the negative
solution [111]
• It is the best-ranking strategy [112]
• It is used for group decision making [113]
• It is a compromise ranking method.
• This method ranks alternatives and determines a compromise
that is the nearest to ideal solution [114]

The above methods assist in aggregating and comparing index values for potential
designs. Building rating systems proposed in literature have used the above MCDM
methods as the basis of aggregation.

19

CHAPTER 3: LCSA-BASED BUILDING RATING FRAMEWORK DEVELOPMENT
3.1. Background
There are several green rating systems for SFDHs. The most important green
certification schemes for SFDHs are LEED, energy star, BREEAM, NGBS, and Green
Star [115]. Most rating systems evaluate a building throughout its life cycle [116], and
they focus on lot design, energy efficiency, water efficiency, indoor air quality, lighting,
and materials and resources [117][118]. However, there are several limitations in the
implementation of green rating systems for SFDHs.
Many home builders believe that green buildings are suitable only for multi-unit
residential building projects since the certification of SFDH with green rating systems is
an expensive, time-consuming, and complicated process [119][120][121], [122]. Hence,
many developers are reluctant to obtain certification. In addition, there is a lack of clarity
regarding the weighting of criteria in the rating systems [123]. Further, the current green
rating systems address environmental and economic aspects of sustainability and do not
consider the social and resiliency aspects related to buildings [124]. In order to overcome
the limitations of green rating systems, there is a need for a unique, comprehensive, and
straightforward rating system for SFDHs.
This chapter presents a methodological framework for assessing the sustainability
performance of SFDHs. The methodology of the proposed framework incorporates
environmental, social, economic, and resiliency aspects based on a life cycle thinking
perspective. This method enables a comprehensive sustainability assessment of SFDH,
which assists in greener residential development.
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3.2. Methodology
The methodology used in developing the framework involved two main steps. The
first step determined the KPIs under the environmental, economic, social, and resiliency
categories. These KPIs were determined through a comprehensive literature review. The
second step developed an aggregation method. In order to normalize KPIs, a linear
normalization method was used. In the first level, based on the WSM method, KPIs of
each category were aggregated. In the second level, the aggregate score of each
sustainability category was obtained. Figure 3-1 shows the process of developing the
proposed framework.
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Figure 3-1: The methodology framework development

3.3. Step 1: Identification of Key Performance Indicators
To introduce a comprehensive framework to evaluate the sustainability performance
of an SFDH, KPIs representing environmental, social, resiliency, and economic
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categories were identified through a holistic literature review. The “Engineering Village”
database was used to search relevant research publications. The combinations of
keywords for this database search included "green building", "sustainability", "green
rating systems", "LCSA", "TBL of sustainability", and "indicator". By reviewing a wide
variety of articles, the relevant KPIs (Table 3-1) was chosen to develop the
methodological framework for the rating system. This content analysis methodology
helps to select the ideal KPIs for the four main criteria categories. Content analysis is a
powerful data reduction technique that is helpful for research as it can compress a large
amount of data [125]. Most of these KPIs have been used in previous research
[126][127]. Besides, the KPIs were developed through an evaluation of the existing
building materials selection and assessment tools. Table 3-1 summarizes the KPIs under
the four criteria categories and the relevant literature sources. The KPIs are explained in
detail in the following sections.
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Table 3-1:The literature resources of KPIs

Sustainability
dimensions
Environmental

KPIs

References

GWP

[128][129][130][131][132][133][134][135][136][137]
[138][139]
[128][129][136][134][140] [135][136][130][132][141]

Human
health
Ecotoxicity
Eutrophicatio
n
Acidification

Economic

Social

Resiliency

smog
Ozone
depletion
Water Intake
Criteria Air
pollutants
Fossil Fuel
Indoor Air
Quality
Habitat
Alteration
Initial Cost
Operational
Cost
Health &
Safety
Labor Rights
& Decent
Work
Governance
Human rights
Community
Hazard
prevention
Durability

[129][140][136][141][142]
[128][129][134][143][133][140][135][136][130][132][14
1][142][138][139][144]
[128][129][134][132][143][133][140][136][130][141][14
2][138][139]
[128][130][145][146][147][148], [149]
[128][129][136][134][140][130][132][133][136][141][13
8][139]
[134][140][150][151][138][139][144]
[134][141][142][151][138][139][144]
[136][142][152][153][154][155], [156]
[134][133][132][141][139][157][158][159][160][161]–
[163]
[134][150][151][138][139][144]
[164][137][165][132][139][166][133] [167]
[141] [135][168] [169][170] [144][131]
[171][172][173][174][169][175][170][176][177][178][17
9][133][151]
[3][180], [181][182][183]

[3][180], [181][182][183]
[172][179][184][144][139][3]
[3][180], [181][182][183]
[185][186] [187][188][189]
[190][191][192][193][194][195][196]
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Redundancy
Robustness
of building

[197][198][189][199][200][201][202]
[190][186][191][198][201][189]

3.3.1. Environmental Performance Indicators
The online tool “Building Environmental and Economic Sustainability (BEES)”
developed by The National Institute of Standards and Technology (NIST) was used as the
environmental performance indicators [203]. BEES is a credible North American life
cycle assessment tool commonly used to choose building materials [204]. BEES has
indicators representing environmental and economic criteria [205], and it uses the “Tool
for Reduction and Assessment of Chemicals and other Environmental Impact (TRACI)”
metrics to develop the environmental criteria [206]. Thus, it provides a complete set of
environmental indicators. In addition, researchers have used BEES in quantifying life
cycle environmental impacts in decision making [207]. The system boundary in BEES is
cradle-to-grave based on ISO standards. Due to the above-mentioned reasons,
environmental KPIs were selected based on the environmental indicators in the BEES
tool. The environmental KPIs are briefly explained below.
Global Warming Potential (GWP): It is a midpoint indicator that describes climate
change impacts from greenhouse gas emissions. When greenhouse gases such as
methane, carbon dioxide, and nitrous oxide increase their concentration, the heat-trapping
capability of the earth's atmosphere correspondingly increases, triggering global climate
change [130].
Acidification: It measures air pollution, especially with respect to Sulphur dioxide,
Ammonia, and Nitrogen Oxides (using the unit “kilograms of Sulphur dioxide (SO2)
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equivalent”) released during the life cycle of a product, which contributes to acidic
materials deposition [208].
Eutrophication: This indicator uses the unit “kilograms of phosphate (PO4) equivalent”
to quantify the concentration of nitrates and phosphates in water [209].
Fossil Fuel Depletion: This refers to the extraction of natural gas, oil, and coal reserves
at a rate higher than that at which nature replenishes them [210]. It is essential to realize
that this impact only addresses the depletion aspect of fossil fuel extraction. To evaluate
fossil fuel depletion, TRACI follows the approach developed for the Eco-Indicator 99
method [203].
Indoor Air Quality: It refers to the air quality within and around buildings and
structures, which affects the building occupants' health and comfort [203].
Habitat Alteration: The habitat alteration impact considers the potential of land use (by
humans) to lead to a loss of threatened and endangered (T&E) species. The density of
T&E Species is used as a proxy for the degree to which the land use may lead to
unacceptable changes in habitats [203].
Water Intake: It accounts for areas where water is scarce. It is essential to recognize that
this impact addresses only the depletion aspect of water intake and not the possibility that
agricultural production and product manufacture may lead to water pollution. Water
intake from the cradle to the grave for each product (in liters per functional unit) is used
directly to assess this impact [203].
Criteria Air Pollutants: Criteria air pollutants are solid and liquid particles commonly
seen in the air. They result from many activities, including combustion, vehicle operation,
power generation, materials handling, and crushing and grinding operations [203].
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Smog: A product can generate photochemical smog during its life cycle. This indicator is
measured with the “kilograms of ozone (O3) formed” unit. The interaction of primary
pollutants with sunlight leads to the conversion of pollutants into various hazardous
chemicals known as secondary pollutants. This, in turn, causes 'urban smog.' [211].
Ecotoxicity: This refers to the toxic impacts of natural or man-made materials in the
environment, which determines the level and the type of pollution that damages
vegetables and animals [212].
Ozone Depletion: During the life cycle of a product, this metric is used to quantify the
ozone-depleting potential. This indicator with a measurement unit of “kilograms of CFC11 equivalent” converts all associated ozone-depleting chemical emissions to the
equivalent quantity of CFC-11 emissions [213].
Human Health: There are many potential human health effects arising from the
exposure to industrial and natural substances, varying from transient irritation to
permanent disability and even death. Some substances cause a wide variety of effects,
and individuals have widely ranging tolerances to different substances. [203].
3.3.2. Economic Performance Indicators
Life Cycle Cost Analysis (LCCA) is the method to evaluate the costs associated with
the production, operation, and disposal of a product [214][215]. LCC indicators were
used as the economic indicators because LCC provides the most straightforward
interpretation of economic assessments [216]. Moreover, construction economists, cost
estimators, architects, and other researchers use LCCA to assess project costs [217]. In
this framework, due to data limitations, LCC has been divided into two categories:
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namely, initial costs and operational costs. Maintenance and repair costs were ignored in
this study due to data limitations [214]. The LCC was calculated using Equation 3-1.
LCC = initial cost + operational cost [218]

Equation 3-1

Initial cost: A project's initial costs are incurred during the design and construction
process, including planning, preliminary engineering, and project design [219]. Initial
costs include the investment costs for purchasing land, construction or renovation, and
equipment requirements for operating facilities [220]. In this framework, initial cost
consists of materials cost and labor cost [221]. In Canada, labor cost is approximately
40% of construction cost [222]. The total initial cost was estimated using Equation 3-2,
and the construction cost was calculated using Equation 3-3.
Initial cost= construction cost + labour cost [221]

Equation 3-2

Construction cost= ∑ material quantities ∗ material cost per unit [223] Equation 3-3
Operational costs: Operational costs of energy and water cost are based on the
consumption rate, present value, and price predictions [224]. Water cost is calculated
based on building type, floor area, occupancy density, occupant schedule, and fixture
types [225]. The annual energy cost was estimated using Equation 3-4 [226], Equation 35 was used to calculate the annual water consumption cost. The total operational cost was
based on Equation 3-6, and Equation 3-7 was used to estimate the present value of the
operational cost. The total annual water consumption calculation is given in Appendix E,
and the total energy cost is calculated based on Appendix F.
Annual energy cost= natural gas cost + electricity cost
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Equation 3-4

Annual water use cost= (total annual volume of water- rainwater or gray water reuse)*
water rate

[227][228]

Equation 3-5

Total operational cost= energy cost + water cost

Equation 3-6

PV operational cost= total operational cost *

1− (

1
(1+r)n
r

[229]

Equation 3-7

3.3.3. Social Performance Indicators
In the social dimension, stakeholders (worker, consumer, local community, society,
and value chain actors) play a crucial role [172]. Social-LCA is a popular technique to
evaluate the social issues related to a product or service during its life cycle considering
the above stakeholders [172]. This guiding framework was developed by the United
Nations Environmental Program based on ISO 14040 and 14044 to address the social
impacts in LCA [230]. The guideline for S-LCA suggests key indicators to measure
social issues [231]. Consequently, the social KPIs in this framework were chosen based
on social categories in the guidelines for S-LCA of a product (i.e., labor rights and decent
work conditions, health and safety, human rights, governance, and community
infrastructure) [232].
Health & Safety: Health and safety aspects are one of the main issues of sustainability.
As indicated by a high accident rate in constructing buildings and in the supply chain, the
health and safety aspect is one of the leading issues that should be covered under a social
assessment [171] [179].
Labor Rights & Decent Work: Working conditions is one of the primary concerns
related to laborers in sustainable construction because it is difficult to compensate for
losses related to work. Thus, under this indicator, the quality of life is much more critical
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than the working time aspect, and working conditions have a direct link with retaining
qualified employees [171].
Human rights: Human rights are based on common human values, including dignity,
fairness, equality, respect, and dependencies [233].
Community infrastructure: Construction activities lead to issues such as construction
noise, dust, density, traffic congestion, security, and safety concerns for residents and
local neighbors. Therefore, stakeholders should take the necessary actions to minimize
the negative impacts before starting construction.
Governance: This indicator includes two main subcategories, which attempt to measure
the quality of the legal system and the corruption level of different countries [3]. This
criteria are an important factor when evaluating construction supply chains.
3.3.4. Resiliency Performance Indicators
The resiliency of a building can minimize or avoid the magnitude and duration of
damage events, and it depends upon the building’s ability to anticipate, absorb, adapt to,
or rapidly recover from a potentially disruptive event [234][235] [236]. Resiliency raises
resistance against hazards, minimizes performance errors, and reduces recovery time
[237]. Hazard prevention, durability, redundancy, and robustness are the major KPIs that
help to assess the resiliency of SFDHs, based on previous studies. Each KPI is briefly
explained below.
Hazard prevention: This refers to any measure taken before, during, or after a disaster
to eliminate or reduce the long-term risk for human life and the building [238].
Flood prevention: Floods are the most frequent type of natural disaster in Canada. They

30

occur due to heavy precipitation and melting of ice and snow that happens each year
[239]. Floods have costly and dangerous consequences such as loss of property, water
damage, and adverse effects on health. Thus, it is vital to take meaningful actions to
prevent floods on construction sites or mitigate the flood-related damage potential [240].
Durability: Durability of materials is the ability of construction materials to remain
serviceable throughout the building’s useful life without undergoing failure and requiring
maintenance [241].
Redundancy: Redundancy assessment looks into the availability of backup resource to
support existing systems in case of a failure [242].
Robustness: It is the ability of the buildings to withstand its functions during external
stresses and shocks [242].
3.4. Framework for Sustainability Rating on SFDHs
Based on the identified KPIs, a comprehensive sustainability assessment system was
formulated. The proposed framework has 23 KPIs in total; twelve under the
environmental category, two under the economic category, five under the social category,
and four under the resiliency category. Figure 3-2 shows the hierarchical framework of
the proposed framework.
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Figure 3-2: The New Rating System Framework

3.5 Step 2: Aggregation of KPIs
Sum Weighted Method (SWM) is used as a scoring method to aggregate KPIs. This
method is comprehensive and straightforward method for scoring [289]. In this research,
SWM is used to get the score of each KPI using the following steps.
Step 1: Weighting
In this study, weights defined in BEES were used for environmental KPIs [244]. Due to the
lack of weighting schemes in literature for resiliency, economic, and social KPIs, equal weights
were given. Assigning equal weights is a popular method in decision-making processes, and
many previous researchers have used it [245]. For example, Toufeili (2019) used equal weights
for technical KPIs of energy retrofits [127]. Previous research have used alternative weighting
schemes for in different geographical regions based on regional sustainability objectives [246].
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Hence, the weighting scheme of the proposed system should be changed when it is used in other
geographical regions. Table 3-2 below lists all the KPIs weights.
Table 3-2:The weights of each KPI in the proposed framework

Category

Notation

KPIs

Units

Environmental

KPI.EN1
KPI.EN2

GWP
Human health

g CO2 eq
g C7H8 eq

KPI.EN3
KPI.EN4
KPI.EN5
KPI.EN6
KPI.EN7
KPI.EN8
KPI.EN9
KPI.EN10

Ecotoxicity
Eutrophication
Acidification
smog
Ozone depletion
Water Intake
Criteria Air pollutants
Fossil Fuel Depletion

11
5
5
6
5
3
6
5

KPI.EN11
KPI.EN12
KPI.EC1
KPI.EC2
KPI.S1
KPI.S2
KPI.S3
KPI.S4
KPI.S5
KPI.RE1

Indoor Air Quality
Habitat Alteration
Initial cost
Operational cost
Health & Safety
Labor Rights & Decent
Work
Governance
Human rights
Community Infrastructure
Hazard prevention

g 2,4-D eq
gN
g SO2 eq
g O3 eq
g CFC-11 eq
Liter
Micro DALYs
MJ surplus
energy
TVOCs
T& E count
CAD $
CAD $
mrheq
mrheq
mrheq
mrheq
mrheq
Score out 5

24
24
24
25

KPI.RE2
KPI.RE3
KPI.RE4

Durability
Redundancy
Robustness of building

Score out 5
Score out 5
Score out 5

25
25
25

Economic
Social

Resiliency
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Category
weights
(%)
16
11

11
16
50
50
24
24

Step 2: Normalization
Normalization converts heterogeneous data ( quantitative, qualitative, different units)
into numerical and comparable data that supports aggregation [247]. In this study, linear
normalization was used because this method can better distinguish between KPIs
compared to other scoring methods [248]. This method considers the maximum
performance of each KPI during the calculation. If an increase of the KPI is desirable,
Equation 3-8 is used.

Normalized KPI value =

KPI

KPImax

[249]

Equation 3-8

If a decrease of the KPI is desirable, Equation 3-9 is used.
Normalized KPI value =1 −

KPI
KPImax

[249]

Equation 3-9

Since the global scale is the best option for worldwide products, previous studies used
have total impacts values for sustainability evaluation [250]. Normalized results per
person provide more pragmatic results compared to global normalization factors [251].
Moreover, studies have confirmed that normalization factors at a macro scale can inform
businesses and public policies, while the micro context can help individuals and
policymakers in making better decisions for building design [252].
The contextualization of per person impacts based on the global average is a unique
feature of the proposed method [253]. Considering per person impacts offers the most
practical basis to provide a context for LCA results, and it makes an LCSA study more
reliable and robust in its evaluation [254][255].
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In this framework, based on the average home occupant in Canada (2.9) [256], total
values per person were obtained for the environmental KPIs. The per-person
normalization factors presented in Table 3-3 are considered as KPImax. The normalization
factors are based on emissions and resource data are extracted globally [95]. Then, based
on KPImax and Equation 3-8 and 3-9, the normalized value of each KPI is calculated.
For social KPIs, total values per person for each KPI are obtained based on the average
person. The normalization references per person in North America in Table 3-4 are
considered as KPImax. Based on KPImax and Equation 3-6, the normalized value of each
KPI is computed.
For resiliency KPIs, total values per person are obtained. The highest resiliency value per
person in Table 3-6 is considered as KPImax. Based on KPImax and Equation 3-6, the
normalized value of each KPI is calculated.
For economic KPIs, after obtaining initial cost (Equations 3-2 and 3-3) and operational
cost (Equations 3-4 and 3-5), Equation 3-10 to Equation 3-13 are used to obtain the total
value per person for both KPIs. Then, Equation 3-7 calculates the normalized value of
each KPI.
𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑜𝑠𝑡

Initial cost normalized value=𝑎𝑟𝑒𝑎∗ 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑜𝑐𝑐𝑢𝑝𝑎𝑛𝑡𝑠 = cost per sq. per person
Equation 3-10
𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑜𝑠𝑡 𝑝𝑒𝑟 𝑠𝑞𝑢𝑎𝑟𝑒 𝑓𝑜𝑜𝑡 𝑝𝑒𝑟 𝑝𝑒𝑟𝑠𝑜𝑛

Initial cost index value= 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑜𝑠𝑡 𝑝𝑒𝑟 𝑠𝑞𝑢𝑎𝑟𝑒 𝑓𝑜𝑜𝑡 𝑖𝑛 𝐶𝑎𝑛𝑎𝑑𝑎
𝑡𝑜𝑡𝑎𝑙 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑐𝑜𝑠𝑡

Equation 3-11

Operational cost normalized value= 𝑎𝑟𝑒𝑎 ∗ 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑜𝑐𝑐𝑢𝑝𝑎𝑛𝑡 = cost per sq. per person
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Equation 3-12
𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑐𝑜𝑠𝑡 𝑝𝑒𝑟 𝑠𝑞.𝑝𝑒𝑟 𝑝𝑒𝑟𝑠𝑜𝑛

Operational index value= 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑐𝑜𝑠𝑡 𝑝𝑒𝑟 𝑠𝑞 𝑝𝑒𝑟 𝑝𝑒𝑟𝑠𝑜𝑛

Equation 3-13

4220

11800

0.02

49.7

11500

6.30

140000

65300

40.60

177

Human Health

55.50

Ozone Depletion

Eco-toxicity

Water Intake

Smog

Habitat Alteration

Criteria Air Pollutants

Indoor Air Quality

Fossil Fuel Depletion

Acidification

Eutrophication

Global warming Potential

KPIs
Normalization
factor per person

8400

Table 3-3:The normalization factors per person of environmental KPIs

Table 3-4:Normalization reference per person of social KPIs

Social KPIs

Health &
Safety

Human
Rights

Governance

Community
Infrastructure

Normalization
reference per
person

8.75E+04

2.98E+04

1.96E+04

3.73E+04

Labor
Rights &
Decent
Work
7.86E+04

Table 3-5:Benchmark Values of Resiliency KPIs

KPIs
Hazard prevention Fire resistance
Hazard prevention flood resistance

Unit
FSR
Ur

Highest value
15.6
320

Durability

Years

100

Robustness

Robustness value

100
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Equation 3-14 is used to determine the score of environmental, social, resiliency, and
economic categories.
𝐴𝑊𝑆𝑀_𝑠𝑐𝑜𝑟𝑒
= ∑𝑛𝑗=1 𝑤𝑗 𝑎𝑖𝑗 , 𝑓𝑜𝑟 𝑖 = 1,2,3, … , 𝑚 [257]
𝑖

Equation 3-14

Indicators' values help to predict the positive and negative effects of each KPI in
achieving sustainability goals. When the score of each KPI is obtained using the above
equations, they are compared with benchmark values in Tables 3-3 to Table 3-5 and
Equations 3-9 -3-11. The details of the comparison are explained in Chapter 5.
3.5. Summary
The proposed SFDH sustainability assessment framework is developed based on
environmental, social, economic, and resiliency dimensions. KPIs for this framework
were selected through a comprehensive literature review, with 23 KPIs in total.
Furthermore, SWM is used to aggregate the KPIs. Aggregation is done at two levels to
obtain the category and total score based on a per person sustainability impact.
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CHAPTER 4: LIFE CYCLE IMPACT DATABASES FOR MAJOR CONSTRUCTION
MATERIALS: LCSA BASED APPROACH
4.1. Background
In order to develop a sustainability rating system based on BIM, it is vital to create
Life Cycle Impact Databases (LCID) for primary construction materials. In this research,
LCIDs were developed based on Life Cycle Thinking (LCT) [258]. Previous studies have
focused on the environmental impacts of construction materials [318][319] while
overlooking the social, economic, and resiliency impacts. Although previous researchers
have developed life cycle impact databases for road construction materials [126], energy
retrofits [127], and emergy databases [261], there is no comprehensive life cycle
sustainability impact database for the construction materials for residential buildings in
Canada.
This chapter developed environmental, social, economic, and resiliency LCIDs to
facilitate sustainability assessments for SFDHs. LCID were developed for the list of KPIs
given in Chapter 3. Since BIM libraries do not contain data regarding specific LCSA
parameters, LCSA databases were used to support BIM-based LCSA [32].
4.2. Methodology
International Standards Organizations (ISO) guidelines were used in developing life
cycle sustainability databases for environmental, social, and economic criteria. As per
ISO 14040, LCA encompasses four stages: goal and scope definition, life cycle
inventory, life cycle impact assessment, and life cycle interpretation. Quantitative or
qualitative information on emissions, material, and energy used in all phases was
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gathered and processed to assess the various impacts under the categories of climate
change, resource depletion, human health, and ecological considerations [262]. Figure 41 illustrates four steps of LCA.

Figure 4-1: LCA phases

Figure 4-2 shows the methodology for developing LCIDs of construction materials. In
order to create the LCID for SFDH, residential building materials were identified through
a literature review. Athena impact estimator was used to develop the environmental
impact database. Cost data were obtained from RSMeans 2019. The social impact
database was based on the available materials data in Social Hotspot Database (SHDB).
The resiliency impact database was developed based on an extensive literature review
[263].
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Figure 4-2: Methodology for developing LCIDs of construction materials

4.2.2. Life Cycle Environmental Impact Database of Construction Materials
The life cycle environmental impacts of the construction materials were determined
based on Athena Impact Estimator (AIE). AIE enables whole building life cycle
environmental impact estimation, with comprehensive databases and calculation tools for
building environmental impact assessment [264]. A cradle-to-grave system boundary was
considered for the life cycle impact of construction materials. Published literature was
used to obtain life cycle data for materials that are not available in AIE [265][266]. Table
4-1 shows the environmental impact database of construction materials.
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Lumber per
m3

Plywood per
m3

Slag Cement
one metric
ton

Steel per ton

Brick per m3

Gypsum
Board per
square foot

Copper per
kg/ m3

Metal per
m3

Aluminum
per kg/sheet

Asphalt per
square foot

blown
mineral wool
per square
foot
Rigid
Insulation
per square
foot
fiberglass
per square
foot

Glass per
linear foot

millimoles
H+ eq

1.29E+03

7.40E+01

1.86E+02

1.47E+02

1.66E+02

1.37E+04

2.70E+00

2.98E-02

4.91E+00

2.10E-02

6.35E+01

2.10E-01

3.91E-01

1.72E-01

1.00E-08

1.38E+00

6.15E+02

7.50E-01

1.74E+00

2.10E+00

1.34E+00

1.10E-03

5.40E-01

1.87E+00

3.92E-03

2.43E+03

2.79E+01

1.69E-03

3.27E-03

1.38E-03

2.00E-11

1.40E-01

5.97E-01

4.43E-02

7.00E-02

2.70E-01

7.10E-02

0.00E+00

4.90E-01

1.32E-02

1.79E+00

1.32E-02

2.84E-01

3.04E-05

1.79E-04

9.23E-05

0.00E+00

3.90E-01

3.25E+02

2.10E+01

1.10E-01

1.16E-02

6.02E-02

3.32E-01

1.01E+10

N/A

3.01E+00

5.98E+01

5.98E+01

6.62E-04

2.69E-02

1.04E-01

1.18E-06

0.00E+00

5.06E-01

2.02E-01

1.02E+00

3.93E-04

3.39E-06

3.60E+00

1.21E+11

1.02E-04

2.76E-01

1.16E-02

5.31E-01

1.09E-09

4.64E-09

1.09E-09

0.00E+00

4.21E+00

6.23E+00

5.23E+00

3.20E-01

4.85E-03

1.39E+02

8.00E-04

1.20E+08

N/A

1.81E-03

1.00E-03

5.15E-01

2.32E-01

8.62E-01

2.59E-01

N/A

2.52E+01

1.64E+02

1.61E+01

2.00E+01

2.65E+01

1.38E+01

1.23E+01

9.60E+00

1.03E+00

1.80E-01

N/A

3.47E-01

1.32E-02

4.67E-02

9.75E-09

2.00E-08

4.19E-04

4.68E-05

2.23E-06

3.50E-05

1.69E-05

4.51E-02

5.92E+01

2.50E-04

2.98E-02

3.10E+00

2.00E-01

5.79E-05

2.69E-10

7.10E-09

3.60E-09

0.00E+00

8.90E-01

1.77E+01

2.03E+02

4.44E+01

3.16E+01

1.63E+02

3.60E+03

1.46E+09

N/A

1.32E-01

0.00E+00

2.44E+00

5.52E-01

2.89E+01

1.92E+01

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

2.00E-02

1.05E-01

0.00E+00

9.40E-01

0.00E+00

1.81E-02

0.00E+00

0.00E+00

1.00E-14

1.00E-14

1.00E-14

0.00E+00

1.02E-01

N/A

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

7.24E-16

3.29E+00

6.10E+00

2.86E+00

0.00E+00

8.60E-01

8.70E-01

1.10E-03

8.48E+00

3.00E-02

4.00E+02

3.00E-01

4.15E+06

0.00E+00

2.10E-02

1.10E-03

1.42E-02

9.55E-05

1.76E-04

1.01E-04

0.00E+00

g N eq
MJ surplus

Human Health

g C7H8 eq

Smog g

3.05E+02

g CO2 eq

Fossil Fuel
Depletion

Eco-Toxicity

Wood per
m3

Eutrophication

Concrete per
m3

Global
Warming
Potential
Acidification

Unit

Environment
al KPIs/

Table 4-1:Environmental Impact Database of Construction Materials

g 2,4-D eq
g NOX eq

Ozone
Depletion

g CFC-11 eq

Water Intake

liters

Indoor Air
Quality

g TVOCs

Habit
Alteration

T&E count

Criteria Air
Pollutant

microDALY
s
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4.2.3. Cost Database of Construction Materials
The economic cost database was developed using RSMeans Green Building Cost Data
2019. RSMeans database is one of the most extensive cost databases used in North
America. RSMeans database contains detailed construction costs such as materials costs,
labor costs, and equipment costs [267]. The unit costs are available in Canadian Dollars
(CAD). Further, electricity and natural gas costs are calculated based on the regional
tariffs applicable in Canada [268][269]. Table 4-2 presents the cost database of
construction materials.
Table 4-2: Cost Database of Construction Materials

Materials

Unit

Price CAD $

Concrete

m3

200.00

Steel

Ton

175.00

Stone

ton

60.00

Timber

m3

5.17

Plywood

Sheet

75.00

Polyethylene Sheet

lb

38.81

Lumber

m

3

8.82

3

Wood
Gypsum board

m
Panel

7.65
90.00

Brick

Single Brick

0.50

Metal

m2

5.60

Asphalt

Square feet

6.00

Stucco Cladding

Square feet

4.71

Fiberglass

Square feet

2.66

Aluminum

Ib

0.52

Rigid Insulation

Square feet

0.17

OSB (Oriented Strand board)

ft2

0.29

Cement

m3

60.00

Glass

linear foot

75.00
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Blown mineral wool

ft2

1.50

drywall

sheet

105.00

copper

Ib

3.42

4.2.4. Social Impact Database of Construction Materials
Identifying and measuring social indicators is challenging due to the complexity of the
parameters and the involvement of various stakeholders [270]. The SHDB is a systematic
tool that can be used to achieve a comprehensive social life cycle assessment [271].
SHDB an impact assessment method that can help decision-makers to evaluate a product
based on the United Nations Guidelines for Social-LCA [181] [181]. It offers very highresolution data on social impacts by Specific Country Sectors (SCS) [272]. The SHDB v4
is based on the input/output model of the Global Analysis Project [273], which is similar
to the input/output of E-LCA [274]. Furthermore, SHDB is developed based on the
World Bank data respiratory [275].
In this research, the SHDB has assigned a risk level for each KPI per SCS within the
database. SHDB has data available for 244 countries. The materials used for residential
construction are manufactured in Canada, China, and the USA [272]. Social impacts are
quantified using mrheq. Mrheq is medium risk hour equivalent. Table 4-3 shows the
social impacts database of the construction materials.
Table 4-3: The Social Impact Database of Construction Materials

Impact categories

Labor Rights &
Decent Work

Health &
Safety

Human
Rights

Govern
ance

Commu
nity

unit

mrheq

mrheq

mrheq

mrheq

mrheq

Concrete (CH)

1643.67

2377.62

1245.26

2919.88 903.126

Cement (CH)

493.1

713.28

373.57

875.96

270.93

Stone (CA)

48.29

82.44

66.62

63.65

49.70
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Brick (CA)

0.40

0.69

0.55

0.53

0.41

Glass (CA)

60.36

103.04

103.04

79.57

62.12

Gypsum board
(CA)
Plywood (CA)

273.63

467.15

377.54

360.73

281.63

20.93

33.37

24.11

25.56

19.90

Drywall (CA)

109.90

175.23

126.62

134.22

104.48

Steel (CA)

3.84

5.12

3.33

5.08

2.76

Metal (CA)

47.64

63.54

41.35

63.07

34.30

Copper (USA)

7.02

10.78

5.77

5.03

4.003

Aluminum (CA)

151.17

201.63

131.21

200.16

108.86

Timber (CA)

5.76

10.27

8.76

5.51

6.94

Lumber (CA)

9.83

17.53

14.95

9.39

11.84

Asphalt (USA)

3.21

4.41

3.004

2.82

2.001

Fiberglass (CH)

4.60

6.51

3.34

8.18

2.76

Mineral blown
wool (USA)

1.94

2.72

1.94

1.47

1.24

4.2.5. Resiliency Database of Construction Materials
Resiliency data of the construction materials were compiled to aid the evaluation, and
a linguistic scale was used to define resiliency. Table 4-4 lists the resiliency data of the
construction materials.
Table 4-4: Resiliency Database of Construction Materials

Indicators

Linguistic Scales

Intensity of
Hazard
Definition Explanation
prevention (fire- importance
resistant
High
FSR1 0-25
5
materials)
performance
(Class A)

1

Flame Spread Rate
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Green Residential
Materials
[277]Concrete/ Steel/
Asphalt/ Brick[278]/

[276][277]

Hazard
prevention (flood
damage resistant
material )[283]

Durability
(building
materials life
expectancy)
[285]

cement/ gypsum[278]/
aluminum/ metal[279]/
Glass [280]

4

ModerateHigh
performance

FSR 26-75
(Class B)

3

Medium

FSR 76-200
(Class C)

Plywood[278]/ Timber

2

ModerateMedium

FSR 201-500
(Class D)

-

1

Poor

FSR +500
(Class E)

-

5

High
performance

Material
Class 5

Concrete/ cement/ steel/
brick[284]

4

ModerateHigh
performance

Material
Class 4

3

Medium

Material
Class 3

2

ModerateMedium

Material
Class 2

Wood[284]

1

Poor

Material
Class 1

-

5

High
performance

+100 years

4

ModerateHigh
76-100 years
performance

3

Medium

45

51-75 years

Wood[281]/ Lumber
[282]

Copper/ Glass/
Metal[284]

Aluminum/ Gypsum/
Asphalt/ Lumber/ Timber
[284]

Stone

Concrete/ Brick

Steel /Wood/ Copper/
Timber/ Metal

Robustness of
Building
materials
(Robustness
values of
materials)
[286] [287]

2

ModerateMedium

26-50 years

Asphalt/ Plywood/
Lumber

1

Poor

Less than 25
years

Cement/ Glass/
Aluminum

High
performance

[100-90]
robustness
value

Steel

5

<90-80]
robustness
value

Concrete/ asphalt/metal

4

ModerateHigh
performance

Brick/

3

Medium

<80-70]
robustness
value

2

ModerateMedium

<50-70]
robustness
value

Copper/ Gypsum/
Aluminum

Glass

Poor

<50-0]
robustness
value

1

The above data was compiled in the form of a Microsoft Excel database. This database
supports a direct link with BIM platforms.
4.3. Summary
LCID of construction materials were developed based on LCSA and ISO
14040/14044. AIE provided life cycle environmental impacts of construction materials,
RSMeans provided inputs for the cost database, and the social impact database of
construction materials was based on the data in SHDB. The resiliency impact database
was based on a comprehensive literature review.
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A Microsoft Excel database was compiled and used to import data to the BIM file to
assess SFDHs. The compiled environmental, social, and economic impacts of materials
can help decision-makers in choosing sustainable materials during the early stages of a
construction project. Ultimately, LCID help in obtaining a score under each category to
determine the sustainability performance level of SFDHs.
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CHAPTER 5: COMPARING CERTIFIED AND NON-CERTIFIED SFDH
5.1. Background
Despite the numerous benefits of green buildings, currently, there are heavy doubts on
whether rated buildings are truly sustainable [288]. Previous researchers have illustrated
that around one-quarter of certified buildings have low energy efficiency [122], and some
researchers claim that certified buildings perform worse than non-certified buildings
[289]. There are limitations in the current rating systems explained as in Chapters 1 and
3. Identifying the actual impacts of a green building can help designers and home
builders in improving the sustainability performance of this sector.
Several studies have compared the construction costs and energy consumption of
certified buildings and non-certified buildings [290][291]–[294]. Based on a study
conducted by Newsham comparing 100 LEED buildings, buildings with LEEDcertification consume 18% to 38% less energy per unit floor area than non-certified
buildings [295]. However, recent research shows that 28 % to 35 % of LEED-certified
buildings consume more energy than non-certified buildings [296]. A study in UK
revealed that certified buildings consume more energy than non-certified buildings due to
unsuitable designs [13]. Thus, 25 % of LEED-certified buildings fail in expected energy
savings [297]. Comparison between certified SFDH and non-certified SFDH can assist
planners to identify sustainability issues, and designers can address these issues and
improve the sustainability performance of SFDH.
The objective of this chapter is to compare the sustainability performance of the
certified building and non-certified buildings using the method proposed in Chapter 3.
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The case study is a non-certified SFDH in Okanagan, British Columbia, Canada. This
building was enhanced to achieve LEED gold certification standard by the research team.
Both SFDHs were assessed based on LCIDs presented in Chapter 4 and the framework
developed in Chapter 3. The comparison indicates the sustainability performance of
SFDHs based on four main categories (environmental, social, economic, and resiliency).
5.2. Methodology
The method proposed in Chapter 3 was used to assess and compare the sustainability
performance of buildings. Emergy accounting was used to validate the results. Figure 5-1
depicts the methodology adopted for the comparison of certified SFDH and non-certified
SFDH.
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Figure 5-1:Comparison process of the certified SFDH and the Non-certified SFDH using the proposed
method
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5.3. Modeling of SFDHs
SFDHs were modeled in the Autodesk Revit based on architectural drawings. Details
of SFDH are as follows:
This SFDH is located in Okanagan, British Columbia, Canada, in the LOD 300 design
phase. This two-storied SFDH has a floor area of 3422 square feet. In order to obtain the
LEED gold certification, SFDH was subjected to several changes. The following list
describes the changes incorporated into the building based on LEED v4 [298].
•

Installing vegetated roof and using non-absorptive materials (plywood, Lumber)

•

Changing the low slope roof to 2:2 or less.

•

Changing cellulosic materials to non-cellulosic materials

•

Using concrete for foundation walls and masonry walls

•

Installing rainwater harvesting

•

Reducing the size of landscaped area planted to 18.35 m2 (according to total area
*5%)

•

Changing floor area size to 2200 square feet

•

Using two exterior half-lit doors, unshaded, in the south wall and the west wall

•

Using mineral wool wall insulation

•

Redesigning the water pipe size to 6mm

•

Changing the south-facing glazing area to be least 50% greater than the sum of
the glazing area on the east- and west-facing walls.

•

Installing a renewable electricity generation system

•

Placing window and door headers in the rim joist for the exterior wall
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•

Redesigning the primary entryway from the outdoors, designing and installing a
permanent walk-off mat of at least 4 feet.

•

Changing the size of entryway inside door to a bigger size

•

Removing the garage

Following the modifications, this certified two-storied building had a floor area of
2195 square feet. Figure 5-2 shows certified the SFDH and non-certified SFDH. The
set of architectural drawings used for the analysis is included under Appendix A.

Figure 5-2:The certified SFDH and non-certified SFDH in Okanagan

Table 5-1 shows the features of certified and non-certified SFDHs.
Table 5-1: The features of certified SFDH and non-certified SFDH

Features

Non-certified SFDH

Certified SFDH

Roof

Asphalt roof

Grass- Dark Rye roof

Roof area (Sq)

969

748

Garage

Yes

No

Basement

Yes

Yes

Terrace

2

3
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5.4. Sustainability Evaluation
Two SFDHs were evaluated based on the method that was developed in Chapter 3 and
the LCIDs from Chapter 4. The following sections provide a detailed explanation of the
quantification of KPIs of the two SFDHs.
5.4.1. Environmental Assessment of Certified SFDH and Non-certified SFDH
In order to assess environmental performance, quantities of construction materials
were extracted from the BIM model and were used as inputs to the proposed method.
Then, the environmental score of the building was calculated based on Section 3.4 and
Table 4-1. Table 5-1 shows the results of the environmental assessment for both
buildings.
5.4.2. Economic Assessment of Certified SFDH and Non-certified SFDH
The economic performance was assessed based on the initial cost and the operational
cost from the BIM file. The initial cost was calculated based on Section 3.4 and Table 42. After calculating the operational and initial costs based on Section 3.4, they were
normalized then aggregated to obtain the final economic score using Equations 3-10 to 313. Table 5-1 shows the results of the economic assessment for both buildings.
5.4.3. Social Assessment of Certified SFDH and Non-certified SFDH
As per Section 3.4. and Table 4-3, social KPIs were evaluated under the proposed
rating method. Then, based on normalization references in North America [3] given in
Table 3-4, the normalized KPIs were aggregated to obtain the final scores of each KPI
using Equations 3-8 and 3-14. Table 5-1 shows the results of the social assessment for
both buildings.
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5.4.4. Resiliency Assessment of Certified SFDH and Non-certified SFDH
The resiliency of the building envelope was assessed with the proposed method and
the resiliency database presented in Table 4-4. Then, based on the highest resiliency
value for each KPI in Table 3-5 and Section 3.4., resiliency KPIs were normalized to
aggregate KPIs and to get a resiliency score using Equations 3-8 and 3-14. Table 5-1
shows the results of the resiliency assessment for both buildings. The comparison
between the results of CB and NCB based on four categories is explained in the
following sections.
5.5. Comparison Certified SFDH and Non-certified SFDH
Table 5-2 shows the comparison results between the certified SFDH and the noncertified SFDH. In this research, global normalization factors for environmental footprint
per person were considered as benchmark values for environmental KPIs. An average
person creates due to various activities such as traveling, eating, waste generation, and
production. The environmental impact arising from living in a built environment is only
one component of the environmental impact created by a person. The environmental
impacts under each KPI for this building were less than normalization factors, it could be
concluded that the environmental KPIs have relatively satisfactory performances. The
exception to this is ozone layer depletion, where the actual environmental impact was
higher than the normalization factor leading to low environmental performance.
Under the economic KPIs, the initial cost value and operational cost value per square foot
per person in this building were less than the average initial cost and operational cost per
square foot in Canada, which means the building has satisfactory performance in terms of
the initial cost and the operational cost.
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Under the social category, all normalized per person KPI values were less than the
benchmark values, which indicates that social KPIs have poor performance.
In addition, all of the normalized KPI values were less than the benchmark values under
the resiliency category, which shows that the SFDH resiliency is low.
5.5.2. Results of the Non-certified SFDH
As described under the certified SFDH environmental results, the global normalization
factors per person (that are considered benchmark values) are higher than the real values
of KPIs. Given the limitations of determining accurate benchmark values, it should be
taken into account that the impact of each KPI of non-certified SFDH is just one
component of the benchmark value for each KPI. However, the environmental impact of
each KPI in this building was lower than the benchmark value of each KPI. Therefore, it
could be assumed that this building has relatively satisfactory performance with reference
to the environmental KPIs with the exception of ozone layer depletion, which had a low
environmental performance.
Under the economic KPIs, the initial cost value and operational cost value per square foot
per person in this building were less than the average initial cost per square foot in
Canada, which means that the building performs satisfactorily in terms of the initial cost
and the operational cost.
Under the social category, all of the normalized per person KPI values were less than the
benchmark values, which means that the social performance of the non-certified SFDH is
poor.
Under the resiliency category, all normalized KPI values were less than the benchmark
values, which means that the SFDH has poor performance in terms of resiliency. The
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score of each performance category of the non-certified SFDH is compared to that of the
certified SFDH in the following section.
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Table 5-2:Comparison of Certified SFDH and Non-certified SFDH
Impact Categories

Unit

Total value per person

Normalization
Factor

Normalized value for
per person in Nonrated SFDH

Weight

Score

Certified SFDH

Non-Certified
SFDH

Certified SFDH

Non-Certified
SFDH

Certified SFDH

Non-Certified
SFDH

Environment
Global warming potential

g CO2 eq

16739.20

9238.72

8400

1.99

1.10

16%

0.32

0.18

acidification

SO2 eq

788.89

251.67

55.50

14.21

4.53

5%

0.71

0.23

Ozone Layer Depletion

g CFC-11
eq

1.59

1.53

0.02

73.53

70.72

5%

3.68

Eutrophication

g PO4 eq

8.05

4.62

177

0.05

0.03

5%

0.00

270.53

140.97

11800

0.02

0.01

11%

0.00

640.21

443.92

4220

0.15

0.11

11%

0.02

Eco- Toxicity
Human health

g 2,4-D
eq
g C7H8
eq

3.54
0.00
0.00
0.01

Indoor air Quality

kg VOC

0.00

0.00

40.60

0.00

0.00

11%

0.00

0.00

water intake

liters

2850.75

2415.96

11500

0.25

0.21

3%

0.01

0.01

Fossil Fuel Depletion

MJ
surplus

613.15

449.71

65300

0.01

0.01

5%

0.00047

Smog

NOx eq

98.63

93.58

49.7

1.98

1.88

6%

0.1190
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0.00
0.11

Habit Alteration
Criteria Air Pollutant

T&E
count
microDA
LYs

123.38

102.69

140000

0.001

0.00

16%

0.00

36.64

34.21

6.30

5.82

5.43

6%

0.35

0.00
0.33

Economic
Initial Cost

CAD $

42.86

66.37

53.44

0.19

0.116

50%

0.098

Operational Cost

CAD $

8.13

8.11

2.90

0.0355

0.0036

50%

0.017

0.058
0.0018

Social
Labor Rights & Decent
Work

mrheq

18787.52

2080.92

7.84E+04

2.39E-01

2.65E-02

20%

0.04781

0.00529

Health & Safety

mrheq

27609.15

3038.18

8.75E+04

3.16E-01

3.47E-02

20%

0.06311

0.00694

Human Rights

mrheq

15276.72

1679.84

2.98E+04

5.13E-01

5.64E-02

20%

0.10253

0.01127

Governance

mrheq

32542.56

3575.13

1.96E+04

1.66E+00

1.82E-01

20%

0.33207

0.03648

Community

mrheq

11146.19

1231.22

3.73E+04

2.99E-01

3.30E-02

20%

0.05977

0.007

Resiliency
Hazard prevention
Fire resistance

31.63

15.6

2.7

2.03

25%

0.68

0.507

51.88

38.5

15.6

3.3

2.47

25%

0.83

0.617

120.75

20.17

320

0.38

0.06

25%

0.094

0.016

49.37

24.51

320

0.15

0.07

25%

0.039

0.019

39.50

23.46

100

0.395

0.23

25%

0.099

0.059

77.71

11.23

100

0.77

0.112

25%

0.194

0.028

13.68

5.46

100

0.137

0.055

25%

0.034

0.014

FSR

Hazard prevention flood
resistance

Durability

42.66

Years
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Robustness

Robustnes
s value

39.50

3.77

100

0.395

0.038

25%

0.099

0.009

23.57

5.43

100

0.2357

0.054

25%

0.059

0.014

20.52

5.81

100

0.205

0.058

25%

0.051

0.015
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5.5.3. Comparison the scores of Certified SFDH and Non-certified SFDH
Table 5-3 shows each category scores of certified and non-certified SFDHs. After
comparing the score of each category among certified SFDH and non-certified SFDH.
Table 5-3:The score Certified SFDH and Non-certified SFDH

Category
Rated building Non-rated building
Environmental
4.4
5.2
Social
0.07
0.60
Economic
0.058
0.115
Resiliency
1.29
2.18

The reasons for the performance difference observed between the two buildings are
explained in the following section.
i.

Under the environmental category, the percentage difference in the score between

non-certified SFDH and certified SFDH is 15.3%. The reason for this difference
is that the certified SFDH has better environmental performance than the noncertified SFDH where the certified SFDH is constructed with environmentally
friendly materials such as green roofs.
ii.

Under the economic category, the percentage difference between the non-certified
SFDH and certified SFDH is 49.5 % because the certified SFDH has better
economic performance in terms of operational cost. This is due to the low
operational energy and water consumption in the certified building.

iii.

Under the social category, the percentage difference in the scores between noncertified SFDH and certified SFDH is 88.3%. This significant difference is
observed because most construction materials in the certified SFDH were
produced in other countries.
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iv.

The percentage difference between the certified SFDH and the non-certified
SFDH under the resiliency category is – 40.8%. This is because resilient
construction materials have not been used in both buildings, especially for the
certified SFDH.

5.6. Validation Results
Emergy evaluation is an environmental accounting method used directly and
indirectly when producing a product or service [299]. Emergy is defined as an available
type of solar energy [300], and it provides basis of measurement to express the
sustainability performance. Moreover, this method can normalize all different materials,
energy, and human services into a single unit [301]. Many researchers have used emergy
as a measure for LCA of construction in past studies [261]. Patel (2020) and Reza (2013)
used emergy to verify LCA results of road construction [126][300]. Therefore, in this
research, the emergy method was used to validate the comparison between the certified
SFDH and the non-certified SFDH. Table 5-4 compares non-certified SFDH and the
certified SFDH based on emergy accounting [302].
Table 5-4:The Emergy values of construction materials

Material

gypsum board
Concrete
Glass
Brick
Plywood
Lumber
Wood

Quantity

Uni
Unit Emergy Value
t
(sej/unit)
Non-certified SFDH
888.174
kg
3.91E+12
119677.9 kg
1.00E+12
6
1205
kg
1.41E+12
1488
kg
2.03E+12
1230.08
kg
2.96E+12
1135.12
Kg
2.64E+12
1799.175 kg
2.40E+12
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Total Emergy
(sej)
3.47E+15
1.20E+17
1.70E+15
3.02E+15
3.64E+15
3.00E+15
4.32E+15

Polyethylene
Aluminum
Total emergy
Value
Concrete
Bamboo
Glass
Plywood
Lumber
Wood
Polyethylene
Aluminum
Total emergy
Value

2533.3
1433.7

1799.175
6332
1037.5
1230.08
26973.52
3122.596
1729.6
1433.7

kg
kg

3.61E+12
6.24E+12

9.15E+15
8.95E+15
1.57E+17

Certified SFDH
kg
1.00E+12
kg
2.84E+12
kg
1.41E+12
kg
2.96E+12
kg
2.64E+12
kg
2.40E+12
kg
3.61E+12
kg
6.24E+12

1.80E+15
1.80E+16
1.46E+15
3.64E+15
7.12E+16
7.49E+15
6.24E+15
8.95E+15
1.19E+17

Full building score is obtained from Equation 5-1.
Weighted score full building= [ Weight Environmental * score Environmental] + [ Weight Economic *
score Economic] + [ Weight Social * score Social] + [ Weight Resiliency* score Resiliency] Equation 5-1
Table 5-5 shows the scores of Certified SFDH and non-certified SFDH based on the
proposed method and emergy values.
Table 5-5: validation scores of Certified and non-certified
Impact categories

Certified SFDH Non-Certified SFDH

Environmental

0.23

0.19

Social

0.07

0.603

Economic

17.24

8.70

Resiliency

1.29

2.18

Total Score

4.71

2.92

Total Emergy Value

1.19E+17

1.57E+17
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5.7. Summary
A certified and non-certified SFDH were compared using the method proposed in
Chapter 3. The comparison results show that the rated building performs well in social,
environmental, and economic categories. The non-rated SFDH performs well in the
resiliency category. Emergy accounting was used to validate the sustainability
performance results of both buildings.
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CHAPTER 6: BIM-BASED SUSTAINABILITY EVALUATION TOOL FOR SFDH
6.1. Background
Sustainability evaluation tools provide a great opportunity for designers, building
owners, home builders, and policymakers to understand the sustainability performance of
buildings [303]. Sustainability assessment is a complicated process [304]. Thus, most
sustainability evaluation tools are expensive and user expertise is required for
implementation [305]. The findings of the previous studies highlight that sustainability
evaluation tools are still unable to estimate actual sustainability performance at different
stages [306] because of their limited scope when it comes to evaluating the TBL of
sustainability [307]. This curtails the achievement of a realistic assessment of
sustainability [308]. In addition, none of the tools present the evaluation results in the
form of a single sustainability index [309]. Furthermore, these tools do not consider the
impact from the building occupants’ perspective [11].
Due to the reasons mentioned above, this chapter develops a BIM-based sustainability
evaluation tool for the SFDH design evaluation. This tool aids designers in obtaining a
quick and accurate sustainability assessment.
6.2. Methodology
Figure 6-1 illustrates the research methodology used to achieve the objectives of this
chapter. The methodology consists of four phases. Each phase is explained in detail
below:
Step 1: Importing LCIDs into the BIM file: In this phase, environmental, social,
economic, and resiliency impact databases presented in Chapter 4 are embedded into the
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BIM file. LCIDs provides data for the evaluation.
Step 2: Linking BIM-LCSA: In this phase, initially, the KPIs in Chapter 3 are read in the
BIM file. Then, based on the framework developed in Section 3.4, environmental KPIs,
social KPIs, resiliency KPIs, the life cycle cost are calculated to get the scores KPIs.
Step 3: Defining Sustainability Levels: The certified SFDH is identified as the prototype
building. The sustainability performance levels are defined for based on the performance
of the prototype building.
Step 4: Guidelines for Implementation of the Method: Guidelines are provided to explain
the use of this method. This ensures wider adaptation of the proposed method.
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Figure 6-1:The process of developing the proposed method

6.3. Overview of the Tool
A BIM-based evaluation method is a design-assist tool for planning SFDH. To use the
evaluation tool, users require to follow four steps.
Step 1: Add BIM model data to the BIM tool.
Step 2: Open Dynamo.
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Step 3: Import LCIDs to the evaluation algorithm.
Step 4: Export an Excel report.
Figure 6-2 shows the process of using the evaluation method in Dynamo Revit.

Figure 6-2: The process of using the evaluation tool

The method used by the proposed tool for the resiliency and LCSA evaluation is as
follows.
1- LCSA and resiliency evaluation
2- Calculations of sustainability scores

Step 1: LCSA and Resiliency Evaluation
The dynamo code of the proposed sustainability rating system is shown in Figure 6-3.
The proposed method follows a sequential process, which is described in this section.
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Figure 6-3:The flowchart of linking BIM-LCSA

6.3.1. LCSA Evaluation
Dynamo code extracts building data such as walls, roof, foundation, floor, windows,
and doors from the BIM model. This data includes quantities and material properties.
LCIDs (Developed in Chapter 4) is linked to the BIM library to aid LCSA. Table 6-1
presents LCSA data extracted from the BIM model.
Table 6-1:The data of linking BIM-LCSA

Link
BIMLCSA
E- LCA

LCIDs Data

BIM Parameters

Geometry data of
building components
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Output of BIM

Life Cycle Environmental
Impact of Construction
Materials in per unit

LCC

Construction Materials
cost per unit

Social
LCA

Social Impact of
Construction Materials per
unit

(area, length, weight,
volume)
Materials type and
quantities
Quantities of elements
The area of each
building envelope (roof,
wall, floors, etc.)
Quantities of building
materials
Materials resources
(country)
Material cost per unit

Value of each
environmental
KPIs

Total initial cost

Value of each
social KPIs

In order to obtain the operational cost under the proposed method, energy cost and
water cost are calculated in the BIM model. Energy cost is calculated based on obtained
energy results in BIM and Equation 3-4 in Chapter 3. Table 6-2 shows the energy data
extracted from BIM.
Table 6-2:The required data to link BIM-energy analysis

Linking BIMenergy

BIM
Parameters

Type of Data from BIM
Model

Output of BIM

Energy analysis

Operational
energy

Electricity and Natural
gas cost

Energy
consumption

The Water cost is calculated based on water consumption results in BIM and Equation 35 in Chapter 3. Table 6-3 shows water data extracted from the BIM model. Appendix E
and Appendix F shows the process of water and energy cost calculation.
Table 6-3:Water Data in BIM model

Linking BIMwater

BIM
Parameters

Type of Data from
BIM Model
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Output of BIM

Water analysis

Domestic cold
water
Domestic water
system

Water flow
calculation

Water consumption
[227][225][310]

6.3.2. Resiliency Evaluation
The resiliency evaluation of the proposed method focuses on the building envelope.
Therefore, data related to the building envelope and its material quantities are extracted
from a BIM model. Table 6-4 shows the data required of walls and roofs to link BIM
with resiliency.
Table 6-4: The linking BIM-resiliency

Link BIMResiliency

LCIDs Data

BIM
Parameters

Resiliency

Resiliency impacts of
Construction Materials
in per unit

Building
envelope

Type of Data
from BIM
Model
Interior
Walls
Exterior
Walls
Roof

Output of
BIM
Value of each
resiliency
KPIs

Step 2: Calculation Sustainability Scores
LCSA and resiliency scores are calculated based on the method proposed in Chapter
3. Python was used to code the algorithm in the proposed tool.
6.4. Final report
The last stage is to generate a report to help decision-makers to certify the
sustainability performance of buildings. This report will show the data values of
economic, social, resiliency, and environmental KPIs. Then, it shows normalized and
70

weighted final values of each KPI and the score of each category. Figure 6-4 shows the
report generated from the proposed tool for a study.

Figure 6-4:The Sample of Report

6.5. Defining sustainability levels for SFDH
To establish the benchmarks for sustainability categories, collecting extensive baseline
data is required [311]. Previous researchers have evaluated a large number of buildings to
define energy benchmarking [312]. Benchmarks are developed based on literature,
experience, and regulatory guidelines [313]. Previous researchers have utilized several
methods such as Differential Dynamic Index (DDI) [314], True Sustainability Index
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(TSI) [315], fix point-scoring approach [311], and survey methods [316][317] to define
benchmark values.
Hosseini (2012) used a baseline building that represented a typical construction project to
define Em-green Sustainability levels [261]. Hence, the prototype building method was
used in this research. The Gold LEED SFDH in Chapter 5 was considered as the
prototype building to define sustainability levels [318]. Here benchmarks performance
levels were defined based on percentage increases in values (25%,50%75% etc.) [319].
Thus, in this study, the above scale was used to define sustainability benchmark values.
Table 6-5 shows the process of determining sustainability levels.
Table 6-5:Defining sustainability performance levels

Size
Increase of
Approxima
tely 25 %

Size
Increase of
Approxima
tely 50 %

Size
Increase of
Approxima
tely 75 %

Size
Increase of
Approxima
tely 100 %

4.4

5.5

6.6

7.7

8.8

Social

0.07

0.08

0.1

0.12

0.13

Economic

0.08

0.31

0.54

0.77

1.01

Resiliency

1.3

1.62

1.95

2.27

2.59

Original
certified
SFDH
Categories
Environmental

Previous researchers used a linguistic scale to define benchmark values for
sustainability indicators [320]. Therefore, sustainability performance levels in this
research were ascertained arbitrarily under the four ranges, good sustainability
performance, slightly good sustainability performance, slightly low sustainability
performance, and low sustainability performance. These ranges illustrate the
sustainability performance levels. Low scores are desirable in economic and
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environmental categories, while high scores indicate good sustainability performance
under social and resiliency categories. Figure 6-5 shows the ranges of sustainability
levels under the four main categories.

Figure 6-5:The sustainability performance levels

6.6. Guideline of the Proposed Sustainability Method
The tool extracts SFDH data from a BIM model to quantify KPIs. The BIM model
should be developed to LOD 300 (Construction model). This provides accurate data of
the SFDH.
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After that, the implementation of the sustainability tool requires the following two main
steps:
1- Importing the LCIDs of a project to the Dynamo
2- Sustainability evaluation analysis is carried out automatically to calculate the
sustainability scores.
Following the analysis process, the report shows a score for each KPI and each category.
Based on obtained scores, sustainability performance levels of each category are defined.
6.6. Summary
Canada’s vision is to move towards a sustainable future. Therefore, the proposed
BIM-based method helps designers and home builders to construct sustainable SFDH.
Also, this tool aids construction clients to have new SFDH with the highest sustainability
levels. Home designers can evaluate the sustainability levels of their own buildings by
inserting building model into the proposed tool. Python was used to link BIM and the
proposed sustainability assessment framework. The report generated using this tool
shows the scores under each KPI and category, which aids decision-makers and designers
to have a better understanding of the highest and lowest impacts of an SFDH.
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CHAPTER 7: CONCLUSIONS, CONTRIBUTIONS, AND FUTURE WORK
Due to the challenges with the current green building rating systems, the AEC
industry requires a holistic sustainability rating system and implementation tools to
support sustainable building design. This research developed a BIM-based sustainability
rating system for SFDH evaluation. The proposed rating system aids building designers
in the shift towards green practices. This rating system has the following characteristics:
•

Unlike other rating systems, the proposed method incorporates the TBL of
sustainability and resiliency to assess buildings. As a result, the proposed BIMLCSA framework fills the gaps of the current rating systems.

•

This method can be used in the pre-construction stage to evaluate SFDH based on
information obtainable from this tool. Thus, building designers can make early
changes to a building model.

•

Although LCA requires expertise, the proposed method enables non-experts of
LCA to easily evaluate the sustainability performance levels of SFDHs, as life
cycle impact databases of construction materials are embedded in this tool.
Moreover, building designers and home builders can carry out sustainability
performance assessments easily using this method.

The proposed method was used to compare the sustainability performance of two SFDH.
•

The comparison between the certified SFDH and the non-certified SFDHs by the
proposed rating system shows that the certified SFDH has better environmental
and economic performance compared to the non-certified SFDH. However, both
the certified SFDH and the non-certified SFDH need to improve social and
resiliency performance.
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•

Under the environmental and economic categories, the certified SFDH
outperforms the non-certified SFDH 15.3 % and 49.5%, respectively. On the
other hand, in the social and resiliency categories, the non-certified SFDH
outperforms certified SFDH by 88.3 % and 40.8 %, respectively.

7.1 Contributions
The main contributions of this research are as follows:
BIM and LCSA integration: In this research, BIM and LCSA are integrated to develop
a comprehensive sustainability evaluation method. This evaluation method automatically
calculates the sustainability performance of an SFDH throughout its life cycle based on
TBL sustainability and resiliency.
Evaluating certified and non-certified SFDH with a comprehensive sustainability
assessment method: Previous studies have compared the environmental performance of
certified and non-certified buildings. However, this proposed method provides a holistic
comparison between certified SFDH and non-certified SFDH based on environmental,
social, economic, and resiliency scores to see which building has a better sustainability
performance. The incorporation of resiliency is a novel consideration in SFDH design.
User-centric sustainability assessment: Previous sustainability assessment tools
considered overall building’s performance, whereas the proposed method evaluates the
sustainability impacts attributable to a single user. This method creates a new perspective
for sustainability assessment, and it evaluates the sustainability performance of an SFDH
based on per person environmental, social, economic, and resiliency impacts.
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7.2. Limitations of This Research
The limitations and adjustments of this research are discussed below.
•

Data collection and availability: There is a lack of adequate life cycle inventory
data to develop LCIDs of construction materials. Moreover, there is a lack of
accurate data to conduct LCSA and resiliency analysis.

•

Data and model uncertainties: The proposed sustainability framework
considered KPIs based on previous studies. There could be other relevant
indicators. Hence, it is important to validate the KPIs used in the evaluation
framework. Additionally, equal weights were used for the aggregation of social,
economic, and resiliency KPIs. There are no unified weighting schemes available
in the literature. Uncertainties created by climate change on the building can be
modeled based on previous studies.

•

Sustainability benchmarks: There was a shortage of adequate data to define
accurate benchmark values per person for each KPI. Moreover, due to the
reluctance of construction companies to provide architectural drawings of green
buildings, sustainability performance levels were defined based on only the
prototype SFDH.

7.3. Recommendations and Future Research
In future research, the evaluation algorithm should be developed as a BIM-add-in tool
that can assist building designers in assessing the sustainability performance of an SFDH
throughout the design phases. The following recommendations will further enhance the
utility of the proposed methodology and the tool.
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•

Extending databases: In this research, LCIDs are limited to major construction
materials and specific province in Canada. Thus, in order to use the proposed tool
in other provinces of Canada, LCIDs should be extended with construction
materials available for other geographical regions.

•

Enhancing the rating system accuracy: More SFDHs in Canada should be
analyzed using the proposed method to boost the accuracy of the sustainability
benchmarks. This data can be used to redefine the sustainability levels.

•

Extending the proposed tool for different types of buildings: This research focuses
only on SFDHs when evaluating sustainability. In the future, the proposed Python
code could be modified to assess other building types as well.

•

Due to limited data, maintenance and repair costs are ignored. Therefore, further
research is required to determine the maintenance and repair costs of different
building types.
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Appendix E: Water Cost Data

Water Cost
Fixtures

Daily Use

Flush Fixture

Flow Rate

GPF

Durations

Occupant

Flushes

Gal

H2O Use

Ultra-low flow WC (m)

0

0.8

1

116

0

Ultra-low flow WC (f)

3

0.8

1

116

278.4

Compositing toilet (m)

1

0

1

116

0

115

Compositing toilet (f)

116

0

3

116

2610

2.5

6

116

174

1

2

5

116

1160

3

2.5

0.2

116

174

0

0

1

GPM

Minutes

3

2.5

0.1

Shower
Lavatory faucet

Flow Fixture
Kitchen Sink
clothes washer

Water rate: 0.017 $

Total volume

Average per person water use each day: 40 Gal.

Total days

Toilet water use: 29% of total indoor water consumption

Annual volume

Showering water use: 36% of total indoor water consumption

4396.4
365
1604686

Rainwater or gray water use

0

Dishwashing water use: 14% of total indoor water consumption
Annual water use (Gal)

1604686

Laundry water use: 21% of total indoor water consumption
[227]
Occupant density in Certified SFDH= 110 m2/person
Occupant density in Non-certified SFDH= 70.31 m2/person

Water usage: occupant usage+ Fixture flow
rate [227]
Total volume water= (Σ𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑡𝑓𝑖𝑥𝑡𝑢𝑟𝑒𝑠(𝑑𝑎𝑖𝑙𝑦𝑢𝑠𝑒 ∗
𝑓𝑙𝑜𝑤𝑟𝑎𝑡𝑒 ∗ 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛 ∗ 𝑜𝑐𝑐𝑢𝑝𝑎𝑛𝑡𝑠)) [321]
Annual volume water= Total volume water * total year
days [321]

Appendix F: Energy Cost Data
Building data

Energy cost

Total area (sq.)
Building life period
(n)
Discount rate (r)
116

Certified SFDH
value
2195
30 years

Non-certified SFDH
value
3430.14
30 years [322]

3%

3% [323]

Electricity demand

1258 Kwh * 0.118

Natural gas demand

1853.4 m3*0.327

117

26925 Kwh * 0.118 $
[268]
2935.4 m3*0.327 $
[269]
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